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Abstract

Heterostructured photocatalysts were fabricated by coupling electrospun n-type ZnO fibres and hydrothermally
derived p-type CuCrO, nanoparticles. The effect of the amount of CuCrO, nanoparticles on the photocatalytic
activity of the heterostructured photocatalyst was systematically investigated. The formation of the hetero-
Jjunctions between the two semiconductors was revealed via detailed XRD, XPS, TEM and optical property
measurements. The experimental results indicated that the optimal CuCrQO, amount in the composite photo-
catalyst was 1.0wt.% due to the optimum doping and surface coverage, higher absorption onset edge, larger
absorption intensity and optimum band gap energy. This composite photocatalyst, fabricated by drop casting of
CuCrQO, nanoparticle dispersion on ZnO fibres, displayed 30% higher rate constant (k) value compared to the
pure ZnO fibres in the degradation of methylene blue dye molecules and reached 93.4% decomposition in 1 h
under UV-visible light exposure. The obtained results are highly encouraging in comparison to only UV/light
active p-n heterostructured photocatalysts previously reported in literature. Therefore, we believe that the pro-
posed approach here opened the way for simple synthesis of highly-efficient visible light active heterostructured
semiconductor photocatalyst systems.
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I. Introduction be produced in a variety of forms, e.g. thin film, parti-
) ) . cles and fibre aiming photocatalysis applications [5-7].
Semiconductor-mediated photocatalysis has been at- However, due to its wide bandgap, the main absorption
tracted great scientific and technological attention inthe .,/ in ultraviolet (UV) wavelengths, which accounts
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tocatalytic performance [4]. ZnQ is an n-type semicon- 3, incorporation of metal ions into the crystal struc-

ductor with 2 wide direct band gap (3.37¢V) and can ture of ZnO. Incorporation of a metal ion into the lat-
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lifetime of charge carriers [12]. Since transition metals
and rare-earth elements possess fully occupied d- or f-
orbitals, they are used as dopants in ZnO for photocat-
alytic applications [5,13]. The second approach may in-
clude fabrication of ZnO-metal or ZnO-semiconductor
heterostructures. In the case of ZnO-metal heterostruc-
tures, generally nanocrystals of noble metals (Au, Ag
or Pt) are coated on the surface of pristine ZnO. As
a result, a Schottky junction forms between the ZnO
and the metal nanoparticles and then the metal act as
a carrier trap centre. This promotes interfacial charge
transfer and thus enhances the electron-hole pair sepa-
ration [14—17]. On the other hand, ZnO-semiconductor
heterostructures can be achieved by coupling ZnO with
other semiconductors, such as TiO,, SnO,, CeO,, ZnS
and CdS. The interface between ZnO and the others
may be classified into three groups according to the rel-
ative positions of the conduction and valence band of
Zn0O and the coupling semiconductor [9]. In this con-
text, ZnO can be coupled with a p-type semiconductor
having a proper band gap to form a p-n junction. The
difference in their band levels may then create an inner
electric field and this built-in potential can be used to
promote separation and transportation of the photogen-
erated charge carriers [18-21].

In addition to above discussion on ZnQO, delafossite
structured oxides, which are denoted by the general for-
mula as AMO, (A = Cu* or Ag", d'° metal ions, and
M = AP, Ga**, In**, Fe*t, Co’*, B**, Cr’*, and etc.)
are mostly recognized by their unusual p-type electri-
cal conductivity and transparency in the visible region.
Therefore, they are considered as an important and po-
tential material class for a variety of optoelectronic ap-
plications [22,23]. According to the reported data in the
literature, the direct and indirect band gaps of CuCrO,
vary with the processing parameters and measurements
in the range of 2.95-3.35eV and 1.28-2.63 ¢V, respec-
tively [24]. Although the true value of the band gap of
CuCrO, has been controversy, it can theoretically ab-
sorb light in the visible region and it has been shown
to be active under solar light in some applications such
as water splitting and depollution via photocatalysis re-
actions [25-27]. Recently, Ahmad et al. [27] prepared
pure CuCrO, nanoparticles via polymeric citrate pre-
cursor method and showed that ~88% methylene blue
(MB) dye can be degraded after just 1.5h on these
nanoparticles under natural sun light exposure. Never-
theless, there are only a few studies published in the
literature on the heterostructures of CuCrO, with other
semiconductors including CuCrO,-ZnO for the reduc-
tion of Cr(IV) to Cr(IIl) [28] and water splitting [29],
CuCr0O,-WO, for visible light HCI splitting [30], and
CuCrO,-TiO, for photodegradation of MB under ultra-
violet (UV) irradiation [31]. In addition, in a very recent
study, Cossuet et al. [32] reported on the fabrication
of ZnO/CuCrO, core-shell nanowire heterostructures.
They showed that ZnO/CuCrO, heterostructures can be
used effectively as a fast response and self-powered UV-
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photodetector. These examples imply that heterostruc-
tures of CuCrO, with other semiconductors have poten-
tial use in a wide range of applications.

The photocatalytic activity of oxide semiconductors
depends on their size and morphology. With a decrease
in the particle size of the material, the specific sur-
face area increases which provides interaction of higher
number of active sites with the pollutant molecules [34].
Among other nanomaterial forms, nanofibres are ad-
vantageous due to their distinguished properties such
as higher stiffness and tensile stress, high surface area
and quick migration routes for charge carriers due to
their 1D morphology [18]. Mechanical durability pro-
vides flexibility during the activity measurements in
terms of the photocatalyst design and also recycling
possibility without a significant decrease in their pho-
tocatalytic activity. Further, the size and morphology of
the nanofibres may promote the separation of electron-
hole pairs. These unique features also provide flexibility
in the surface modification of these materials [35,36].
Thus, ZnO fibres can easily be doped via metal and non-
metal dopants, coupled with metal nanoparticles and
other semiconductors to improve the photocatalytic ef-
ficiency. Up to now, 1D ZnO nanostructures have been
prepared using chemical vapour deposition, template as-
sisted sol-gel, hydrothermal synthesis, and electrospin-
ning based methods [37-40]. Among them, electrospin-
ning is a simple and versatile processing route which has
been used for the production of n-type ZnO and other
ceramic nanofibres in a variety of composition and sizes
[41-44].

In this study, a series of CuCrO, wrapped ZnO fibres
were successfully prepared and employed as an efficient
photocatalyst in the degradation of MB dye under UV-
visible light irradiation, for the first time. In order to fab-
ricate the heterostructured photocatalyst, in the first step
CuCrO, nanoparticles were prepared via conventional
hydrothermal synthesis. Then these nanoparticles were
dispersed in alcohol to achieve ZnO fibres wrapped
with up to 1.2wt.% CuCrO,. The formation of p-n
heterostructures was revealed via detailed XRD, XPS,
TEM and UV-vis spectrophotometer measurements.

II. Experimental procedure

2.1. Synthesis of ZnO fibres

The production steps for ZnO fibres is given in Fig. 1.
The synthesis was performed in two steps by using zinc
acetate dihydrate (Zn(CH,COO), -2 H,0, 98%, Sigma
Aldrich), polyvinyl alcohol (PVA, M,, = 88000, Alfa
Aesar) and ultrapure deionized water. All reagents were
used without further purification. Initially, an aque-
ous PVA solution (15 wt.%) was prepared at 70 °C un-
der mild stirring conditions for 4h. Meanwhile, 1.0 g
of Zn(CH,COO),-2H,0 was dissolved in 4.5ml of
deionized water and then this was added to the above
mentioned PVA solution at room temperature. This fi-
nal mixture was then continuously stirred for about 20 h
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Figure 1. Schematic illustration of the synthesis procedure for CuCrQO, nanoparticles-ZnO fibres p-n heterojunction samples

to achieve a homogenous and clear spinning solution.
Electrospinning was performed using a hygienic syringe
with a 0.7 mm diameter tip. The solution was pumped
with a flow rate of 0.4 ml/h on an aluminium foil sub-
strate placed at a distance of 15cm. The composite fi-
bres were collected under an applied potential of 15kV.
For each experiment, 2ml of solution was electrospun
on 10 x 10 cm? of the foil substrate. In the second step,
these samples were then loaded into a box furnace and
heated to 500 °C with a heating rate of 1°C/min. Af-
ter 6 h of annealing, the samples were furnace cooled to
room temperature. Organic removal step led to the for-
mation of self-standing pure white and relatively large
pieces of fibres. These pieces were weighed and cut into
pieces (e.g. 2 X 2cm?) and stored under environmental
conditions for further use.

2.2. Synthesis of CuCrO; nanoparticles

CuCrO, nanoparticles were obtained according to
the synthesis procedure given in Fig. 1. The produc-
tion of delafossite nanoparticles was carried out in
a custom made hydrothermal unit described in de-
tail elsewhere [45,46]. Copper nitrate hemipentahydrate
(Cu(NO;), -2.5H,0, 98%, Alfa Aesar), chromium
nitrate nonahydrate (Cr(NO;),-9H,0, 99%, Sigma
Aldrich) and sodium hydroxide (NaOH pellets, 99%,
Sigma Aldrich) were used as precursors. In the
synthesis of CuCrO, nanoparticles, firstly 4.65g of
Cu(NO;), -2.5H,0 and 8¢ of Cr(NO;),-9H,0 were
added together into 100ml of deionized water and
stirred for 1 h at room temperature on a magnetic stir-
rer. Then 8 g of NaOH was dissolved in the above so-
lution by vigorous stirring for about 15 min. The final
solution was then treated at 230 °C for 60 h under hy-
drothermal conditions. After cooling to room temper-
ature, the precipitates were collected on a filter paper
and washed with hydrochloric acid (1 M, 99%, Sigma
Aldrich) and ethanol (C,H;OH, 96%, Sigma Aldrich)
in sequence for four times to remove any contamination.
The final product was dried in an oven for 12h at 90 °C
and stored under ambient conditions for further use.
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2.3. Preparation of ZnO-CuCrQO; heterostructure

ZnO-CuCrO, heterostructured photocatalysts were
prepared by simply drop casting of the obtained CuCrO,
nanoparticles dispersion on the heat treated ZnO fibres,
as presented in Fig. 1. For this purpose, certain amount
of the as-precipitated CuCrO, nanoparticles were son-
icated in 2 ml of alcohol for 2h at room temperature.
Then, this dispersion was dropped on 50 mg of ZnO fi-
bre pieces. During the preparation of ZnO-CuCrO, pho-
tocatalysts the amount of ZnO was kept constant. On
the other hand, CuCrO, dispersions were prepared at
different concentrations in order to obtain a series of
ZnO-CuCrO, photocatalysts with different amount of
CuCrO,. For this study, ZnO fibres were wrapped with
0.5, 1.0 and 1.2wt.% CuCrO,. To avoid any inhomo-
geneity during the drop casting, at least five samples
were prepared for each composition and the volume
of the CuCrO, suspension remained constant. The het-
erostructured photocatalysts were first maintained under
ambient conditions for 2 h, then heat treated at 400 °C
for 1 h for the possibility of partial merging of two semi-
conductors via interdiffusion to form an interface.

2.4. Characterization

X-ray diffraction (XRD) analyses were used to iden-
tify the crystal structure of the electrospun ZnO fibres,
as-precipitated CuCrO, nanoparticles and wrapped fi-
bres. Measurements were performed via Bruker D8 Ad-
vance diffractometer operating at 40kV and 40 mA.
Patterns were obtained using CuK, radiation with a
wavelength of 0.154 nm in Bragg-Brentano mode at a
scan speed of 2°/min. The core-levels of all species
at the surface of the samples were examined via high
resolution X-ray photoelectron spectroscopy (XPS) us-
ing a Thermo Scientific K, X-ray photoelectron spec-
trometer with monochromatic Al-K, radiation. The
size/diameter, crystallinity and morphology of the pre-
pared samples and also the heterostructured photocat-
alysts were analysed using a JEOL JEM 2100F trans-
mission electron microscope (TEM). The optical ab-
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sorption was studied with UV-vis spectrophotometer
VWR 3100-PC in the wavelength range of 300—650nm
at room temperature. For this purpose, a suspension of
12.5 mg of a sample in 20 ml of DI-water was firstly pre-
pared by sonication. Then 4 ml of this aqueous suspen-
sion was further diluted in 50 ml of DI-water. The mea-
surement of this suspension was performed in a standard
quartz cuvette.

2.5. Photocatalytic properties

Photocatalytic activities of the pure and wrapped
ZnO fibres were determined by performing degrada-
tion experiments with MB dye in aqueous solutions.
Experiments were carried out in a custom made pho-
tocatalytic activity measurement system consisting of
a water cooled reactor and light sources. Test sus-
pensions (100ml) were prepared using dye concen-
tration of 10mg/l and 50 mg of photocatalyst. Prior
to light exposure, the suspensions were magnetically
stirred in the dark for 60 min. All tests were performed
in ambient air, without any additive for pH control
and using a 250 W metal halide lamp (GE Lighting,
ARC250/T/H/970/E40) which was 22 cm away from the
suspension surface. At 15 min intervals, ~2ml of the
liquor was sampled, centrifuged and filtered through a
0.45 um Teflon syringe filter to remove photocatalyst
pieces. Then these filtrates were analysed by recording
variations in the maximum absorption band (~663 nm
for MB) using a VWR 3100-PC ultraviolet and visible
spectrophotometer.

III. Results and discussion

3.1. Structure of ZnO-CuCrQO;

XRD diffractograms of the ZnO fibres prepared with
different CuCrO, content (0.0, 0.5, 1.0 and 1.2 wt.%) are
shown in Fig. 2a. XRD patterns for the pure ZnO fibres
and CuCrO, nanoparticles are also given for compari-
son. To the extent of the XRD detection limit, hexag-
onal wurtzite ZnO crystal structure (JCPDS: 36-1451)
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was the only phase that was detected for all heterostruc-
tured samples. No characteristic peaks were observed
corresponding to CuCrO,. This may be due to good dis-
persion and small quantities of the p-type particles. The
sharp diffraction peaks for the pure fibres show high
crystallinity. However, peak intensities of all wrapped
samples are getting lower than that of the bare one
which is due to the covering of the fibre surfaces with
CuCrO, nanoparticles. Furthermore, peak broadening
is observed for the wrapped ZnO fibres compared to
the pure one. The effect of the CuCrO, addition on
the broadening of diffraction peaks can be explained by
the change in the crystallite size. The average crystal-
lite size along the c-axis of the fibres was calculated
by Scherrer’s equation using the XRD line broadening
method:

092

"~ B-cosf

where A is the X-ray wavelength for CuK,, 8 is the full
width at half maximum (FWHM) of the diffraction line
and 6 is the Bragg angle of 0002 diffraction peak. The
CuCrO, particles probably inhibit the particle growth
during the heat treatment at 400 °C for 1h performed
after drop casting. Thus, the modified ZnO fibres are
constituted of particles with smaller crystallite size than
that in the pure sample, as listed in Table 1.

Detailed structural information can be obtained from
the enlarged XRD patterns (for 26 between 31° and 37°)
shown in Fig. 2b and data given in Table 1. It is inter-
esting to note that with increasing CuCrO, amount, the

(M

Table 1. XRD crystallite size (D), position of ZnO 0002 peak
(260) and lattice parameters (c) for pure and CuCrO,
wrapped ZnO fibres with different CuCrO, contents

CuCrO, D 26 c

[wt.%] [nm] [°]  [A]
0 2998 34.24 5.198
0.5 2338 3426 5.184
1.0 20.17 34.27 5.178
1.2 20.78 34.39 5.104

/
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Figure 2. XRD patterns (overview (a) and enlarged region (b)) of pure and CuCrO, wrapped ZnO fibres with different
CuCrO, contents
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diffraction line position of ZnO shifts towards higher 26
degrees. This shift suggests that the presence of CuCrO,
nanoparticles changes the lattice parameter (c) of the
7ZnO fibres, as listed in Table 1. There is a lattice con-
striction with increasing CuCrO, amount. Lattice pa-
rameter narrowing trend may be explained by substi-
tutional incorporation of Cu/Cr ions into ZnO crystal
[47]. As a CuMO, type delafossite, in the CuCrO, crys-
tal structure, Cu and Cr ions have monovalent and triva-
lent states, respectively. In addition, for the same co-
ordination number, ionic radius of Zn**, Cu® and Cr**
are 0.74, 0.77 and 0.61 A, respectively [48]. Therefore,
the observed lattice parameter contraction is expected
mainly as a result of replacement of Zn** with Cr**
ions. However, to protect charge balance, some part of
Cu* ions should be substitutionally sitting in the ZnO
lattice.

3.2. Chemical properties of ZnO-CuCrQO;

The chemical composition and ionic states of the ele-
ments for the pure and 1.0 wt.% CuCrO, wrapped ZnO
fibres were investigated by XPS analyses. Figure 3a
shows typical wide scan spectra of the fibres. In the pure
fibre spectrum, Zn, O and C main element peaks were
observed. However, survey spectrum of the wrapped
ZnO fibres with 1.0 wt.% CuCrO, shows additional Cu
and Cr signals which can be attributed to the successful
wrapping of the pure ZnO fibres with CuCrO, nanopar-
ticles. The detected C is related to trace amount of re-
movable polymer during the heat treatment or adsorp-
tion of organic contaminants during handling. All bind-
ing energies were adjusted for the charge shift using the
C(1s) peak of graphitic carbon located at 284.6eV [49].

For characterizing detailed chemical states, high res-
olution XPS spectra of the Zn(2p), O(1ls), Cu(2p) and
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Figure 3. XPS spectra for pure and CuCrO, wrapped ZnO fibres with different CuCrO, contents - a) survey analyses, and
high resolution regional spectra of: b) Zn(2p), c¢) O(1s), d) Cu(2p) and e) Cr(2p) signals
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Cr(2p) core levels were analysed and shown in Fig. 3b-
e, respectively. For the pure ZnO fibres, the correspond-
ing Zn(2p) high resolution spectra (Fig. 3b) exhibits two
peaks (1021.10 and 1044.27eV) originating from the
strong spin orbit coupling of Zn [50]. O(1s) core level
for the pure ZnO fibres is a combination of two differ-
ent Gaussian peaks (Fig. 3c). The first peak located at
530.9eV can be correlated with the lattice oxygen ions
in the ZnO lattice and the second one at 532.32¢V is
attributed to chemisorbed oxygen, such as surface hy-
droxyl groups [51]. Zn(2p) and O(1s) binding energies
of the pure fibres match with that of the stoichiometric
ZnO [47]. Compared to the Zn(2p) core levels of the
pure ZnO fibres, the CuCrO, wrapped sample showed
a little shift to the higher binding energy (Zn(2ps/2):
1021.58eV and Zn(2p;,»): 1044.68 eV) which indicates
modification of the ZnO surface with CuCrO,. Further-
more, the binding energies of the O(1s) components of
the wrapped fibres are also slightly higher than that of
the pure sample (531.34 and 532.76eV). These bind-
ing energy differences can be explained with the vari-
ation of the chemical environment of ions due to the
change of the electronegativity differences of the bonds
formed between oxygen and cation ions. In the case of
the pure fibres, all bonds are formed between 7Zn>* and
O’~ ions. However, in the wrapped fibre structure, the
cation can be Zn>*, Cu* or Cr’* which results in dif-
ferent electronegativity values than the Zn—O bond and
thus different valence electron density occurs. Similar
observations were also reported for Cu- and Co-doped
ZnO nanostructures [5,47].

XRD results suggest that some part of CuCrO,
cations are substitutionally incorporated at Zn>* lattice
sites of ZnO. To figure out the presence of Cr ions in
the 1.0 wt.% CuCrO, wrapped ZnO fibres, the high res-
olution Cr(2p) XPS core level spectrum was measured
(Fig. 3d). There are two strong peaks centred at 576.5
and 585.5eV which can be attributed to the binding
energies of Cr(2p3/2) and Cr(2p;2), respectively [52],
confirming the presence chromium in the trivalent state
(Cr*).

It is well known that XPS is a highly effective tech-
nique to distinguish states of Cu due to different fea-
tures of Cu(2p) signals. Sharp and well-defined sig-
nals of Cu(2p3,2) and Cu(2p;,2) located at 932.6 and
952.5eV are observed in the metallic Cu (Cu®). How-
ever, slightly narrower peak widths at nearly the same
binding energy values is observed in the monovalent
state of Cu (Cu"). In addition, divalent Cu ions (Cu>*)
exhibit broad two peaks located at nearly 1eV higher
binding energy than that of Cu’ and Cu* (Cu(2p3,) at
934.6eV and Cu(2p; ;) at 954.3eV). Furthermore, un-
like Cu® and Cu™, Cu* produces strong Cu(2p) satellite
peaks appearing at higher binding energy showing the
presence of Cu 3d hole states [53]. From Fig. 3e pres-
ence of two Cu(2p3,,) and Cu(2p;,2) peaks is observed
at 932.44 and 952.44 eV, respectively. The position and
shape of Cu signals indicate that Cu is mainly in the Cu*
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ionic state. Therefore, according to the high resolution
Cu XPS spectra, substitutional incorporation of CuCrO,
in Cu* form into fibre structure is observed at vicinity
of interface, whereas wrapped CuCrO, is found again in
Cu* form near surface. These results are in agreement
with the XRD data.

3.3. Microstructure of ZnO-CuCrO;

Figure 4 shows TEM micrograph of the heat-treated
ZnO fibres. It confirms the presence of a representa-
tive typical morphology for electrospun ceramic fibres.
As seen from this image, the ZnO fibres have dense
and continuous wire-like morphology. According to the
measurements performed using SEM images (inset in
Fig. 4), the average diameter of the annealed fibres
was determined as 172 + 42 nm. The TEM micrograph
given here also reveals that the fibres exhibit a size
distribution in terms of the fibre diameter. The image
shows two overlapped fibres with diameters of 90 and
140 nm. The selected area electron diffraction (SAED)
pattern given as an inset implies the polycrystalline na-
ture of the fibres. The visible lattice fringes observed
in the high resolution TEM (HR-TEM) image has also
proved the formation of wurtzite phase (lower left of
Fig. 4). The distance between neighbouring planes is de-
termined as 2.63 A which matches with the interplanar
spacing of (0002) planes of wurtzite ZnO. SAED pat-
tern (Fig. 4) was recorded from the crystal mentioned
above, showing its single crystalline nature. Thus, the
polycrystalline ZnO fibres are composed of randomly
oriented and attached single crystals of wurtzite ZnO
phase (d,, < 50nm). This finding is in well accordance
with the crystallite size calculated using the Scherrer
equation from the XRD pattern of the pure ZnO fibres.

Figure 4. TEM image of pure ZnO fibres - insets are SEM
micrograph and SAED pattern (a), HR-TEM image (b)
and SAED pattern (c) of a single ZnO nanoparticle
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Similarly, Fig. 5 presents TEM data of the as-
precipitated CuCrO, nanoparticles. The TEM image re-
veals the nanoparticulate nature and typical plate-like
morphology of the hydrothermally synthesized CuCrO,
precipitates. As revealed in previous studies, hydrother-
mal synthesis led to the formation of single crys-
tal CuCrO, precipitates in quasi-hexagonal nano-plate
morphology with an average diameter of about 10—
20nm [46,54]. The average diameter and thickness of
the nanoparticles for the current study were determined
by measuring the distance parallel and normal to (001)
faces of 50 randomly distributed individual particles and
found to be 12 and 5 nm, respectively. HR-TEM image
of a randomly selected as-prepared CuCrO, nanoparti-
cle is given in Fig. 5b. The interplanar distance deter-
mined as 0.285 nm matches with the (006) interplanar
spacing of CuCrO, structure and corresponds to the dis-
tance between the Cu planes in the CuCrO,. SAED pat-
tern of the selected CuCrO, nanoparticle (Fig. 5¢) indi-
cates that the CuCrO, crystals grow mainly through six
faces with a high growth rate of {012} and agrees with
the d spacing of (006).

Figure 5. TEM image of the CuCrO, nanoparticles (a),
HR-TEM image (b) and SAED pattern (c) of a single
CuCrO, nanoparticle

TEM was also used to investigate the microstruc-
tural features of the CuCrO, wrapped ZnO fibres. Fig-
ure 6 shows low and high resolution TEM images of the
1.0 wt.% CuCrO, wrapped ZnO fibre photocatalyst after
annealing at 400 °C for 1h. Figure 6a presents the for-
mation of CuCrO,-Zn0O composite structure via random
accumulation of the nanoparticles on fibres (marked
with white dashed lines). This is an expected result
for the ZnO-CuCrO, heterostructure achieved via drop
casting of the CuCrO,-alcohol dispersion on the ZnO fi-
bres. During this step, highly porous structure of fibres
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probably leads to quick propagation of alcohol due to
capillary forces. The spreading of the liquid phase also
carries the nanoparticles and finally deposits them ran-
domly on fibre surfaces which yields a typical morphol-
ogy as shown in Fig. 6b. In addition, the grain growth
of CuCrO, nanoparticles during the preparation of het-
erostructured photocatalyst might be recognised when
comparing their size to the size of the as-precipitated
CuCrO, nanoparticles mentioned above. The increase in
size is a result of the solid state diffusion as evidenced
by the clear neck formation between the nanoparticles
(indicated by black arrow in Fig. 6b).

As a consequence, some particles reached almost the
equilibrium shape of the delafossite CuCrO, crystals as
discussed previously in the literature [55,56], i.e. hexag-

Figure 6. TEM image of 1.0 wt.% CuCrO, wrapped ZnO
fibres - inset is HR-TEM image (a), higher magnification
TEM image (b) and HR-TEM image of p-n heterojunction
interface (c¢)
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onal nano-plate morphology (pseudosix-fold symmetry)
with size of about 70 nm (indicated by white arrow in
Fig. 6b). Figure 6¢ shows the formation of an interface
between the ZnO fibre and a CuCrO, nanoparticle. Two
types of lattice fringes can be observed from this high
resolution image. The interplanar spacing of 0.28 and
0.26 nm match with (006) planes of CuCrO, and (0002)
planes of wurtzite ZnO crystal, respectively. In addition,
the continuity of the lattice fringes at the interface be-
tween the ZnO crystal and CuCrO, nanoparticle may
prove the formation of p-n heterojunction [31]. Further-
more, the formation and observation of an interface be-
tween the two phases also corroborate the inferred re-
sults from the XRD and XPS data on peak position shift
as a result of partial interdiffusion between Zn>* and
Cu* and Cr** ions.

3.4. Optical properties of ZnO-CuCrO;

Optical properties of the pure and wrapped ZnO
fibres were investigated using a UV-vis spectropho-
tometer between 300-650 nm wavelength to reveal the
effects of CuCrO, on the optical properties of the
heterostructured photocatalyst. The optical absorption
spectra of the prepared samples as a function of CuCrO,
amount are presented in Fig. 7. The corresponding di-
rect band-gaps of the samples are also given as in-
sets in Fig. 7. The wavelength of the absorption edge
was estimated by extrapolating the horizontal and rising
portions of the curves and defining the intersection as
the wavelength of the edges. Ding et al. [57] observed
two distinct absorption peaks for ZnO nanorod array —
CuAlO, laminar film heterojunctions, which correspond
to the absorption edge of ZnO and CuAlO, components.
For the current study, only one single peak was observed
which corresponds to the absorption edge of ZnO. This
may be due to the very low amount of the delafos-
site phase which was only up to 1.2wt.%. As shown
in Fig. 7, the absorption edge of the pure ZnO fibres
(375 nm) shows a red shift to the higher wavelengths for
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Figure 7. The UV-vis spectra of pure and the CuCrO,

wrapped ZnO fibres with different CuCrO, contents (insets
show plots of (¢hv)® as a function of photon energy)

the wrapped samples. However, the red shift does not
increase monotonously with the amount of CuCrO,, as
can be seen by comparing the absorbance peak positions
of the 0.5 wt.% CuCrO, wrapped sample and the others.
As suggested by XRD and XPS measurements, substitu-
tion of Cu* and Cr** ions into ZnO lattice occurs during
1 h of the heat treatment at 400 °C. Such impurity incor-
poration might induce defects in the lattice of wurtzite
ZnO, resulting in a shift of the absorption edge in com-
parison to the pure ZnO. Thus, absorption edge change
gives information about the electronic band structure
change of the ZnO due to the doping [5,47]. Theoret-
ically, the wavelength of the absorption edge should in-
crease with the increase in the amount of CuCrO, in the
heterostructured samples. However, among the prepared
samples, the highest absorption edge was observed for
the 0.5 wt.% CuCrO, wrapped ZnO fibres. This might
be related to the preferential incorporation of Cr>* and
Cu™ ions into the ZnO lattice. For the sample wrapped
with 0.5 wt.% CuCrO,, the copper ions may have dif-
fused in a relatively higher amount then the chromium
ions resulting in the narrowest E,. With the increase
in CuCrO, amount, both chromium and copper ions
might have diffused into ZnO, but amount of diffused
chromium might be relatively higher than that of the
copper. Although there are contradictory results pre-
sented in the literature on the effect of Cr doping on
the optical properties of ZnO, in many recent study it
was shown that Cr incorporation promotes blue shift,
contrary to the Cu incorporation, in the absorption edge
of ZnO [58,59]. Thus, the shift in the wavelength edge
for the current study probably depends on the relative
amount of Cr’*/Cu® incorporation into ZnO host lat-
tice. This also explains why the lowest absorption edge
wavelength occurs for the 1.2 wt.% CuCrO, containing
sample. Despite all, the red shift of absorption edge to
the higher wavelengths compared to the pure fibres is
an indication that the wrapped samples can also absorb
light in the higher wavelengths, and therefore may uti-
lize more of the spectrum for the photocatalytic reac-
tions.

Absorption edge shift also means a change in the di-
rect band gap energies (E,) of the samples. The E, of
the pure ZnO fibre and heterostructured samples were
estimated by plotting the absorption coefficient (@) pho-
ton energy graph (4v) and extrapolating the straight-line
portion of this plot to the hv axis as shown in insets in
Fig. 7. For the pure ZnO nanofibers E, was determined
as 3.29eV. This value is close to the reported value of
Zn0O (3.34eV) [47]. E, of the pure CuCrO, was re-
ported as 3.0eV [46] and the difference in the E, val-
ues of the pure ZnO and CuCrO, causes photoresponse
observed in Fig. 7 as a red shift in the absorption edge
[60]. For the heterostructured samples, band gap values
were obtained as 3.22, 3.25 and 3.26 eV for 0.5, 1.0 and
1.2 wt.% CuCrO, containing samples, respectively. This
finding shows that the band gap of the ZnO-CuCrO, het-
erostructured samples fall in between that of the pure
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Zn0O and CuCrO,. This is due to the individual contri-
bution of each crystalline phase, i.e. CuCrO, and ZnO
to E, in the composite structure. In summary, consider-
ing the results of XRD, XPS, TEM and UV-vis spectra,
it can be concluded that the cations from CuCrO, were
incorporated into the ZnO lattice up to some extent and
two types of semiconductors form p-n heterojunctions.
Therefore, this architecture might exhibit better photo-
catalytic ability compared to the pure ZnO fibres.

3.5. Photocatalytic properties of ZnO-CuCrQO;

The photocatalytic activities of the heterostructured
photocatalysts with different amount of CuCrO, were
evaluated via the decomposition of MB dye under the ir-
radiation of UV-visible light. Further, the photodegrada-
tion behaviour of MB in the absence of the catalyst was
checked under the same experimental conditions. As to
compare, the photocatalytic degradation of MB over the
pure ZnO fibres was recorded and used as a reference.
The degradation efficiency of the samples was defined
as (Cy — Cy)/Cp, where Cy and C, were the initial and
remaining concentration of MB after exposure to light
for time ¢, respectively.

Figure 8 shows the photocatalytic performances of
the pure and CuCrO,-ZnO heterostructures as a func-
tion of UV-visible light exposure time. It is obvious that
there is no significant degradation of MB occuring after
2 h in the absence of the catalyst. This indicates that the
decomposition of MB under UV-visible light irradiation
can be ignored. For catalyst loaded experiments, the dye
degraded for all samples. As seen from the shape of the
curves, the absorbance of the dye decreased exponen-
tially as a function of time. The degradation efficiency
of MB after 1h of light exposure was about 83.5% in
the case of the pure ZnO fibres. Similarly, the degra-
dation efficiency reached 87.3 and 93.4% for the 0.5
and 1.0wt.% CuCrO, wrapped samples, respectively.
On the other hand, the amount of decomposition was
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Figure 8. Temporal profile of MB degradation of pure and
CuCrO, wrapped ZnO fibres with different CuCrO,
contents under UV-visible light illumination
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Figure 9. Real-time UV-vis absorption spectra of the
photodegradation of MB solutions containing 1 wt. %
CuCrO, wrapped ZnO fibres

decreased for the sample prepared by using 1.2 wt.%
CuCrO,. The degradation efliciency of MB after 1 h for
this sample was 76.2%. While the amount of ZnO cat-
alyst was kept constant in all experiment, the observed
difference in the photocatalytic activity of the samples
can be attributed to the presence of CuCrO,. This find-
ing shows that the ZnO-CuCrO, heterostructures have
higher photocatalytic activity compared to that of the
pure ZnO up to a certain amount of CuCrO, addi-
tion. For the current study, the limit of CuCrO, amount
was identified as 1.0 wt.%. The absorbance spectra of
MB aqueous solutions in the presence of the 1.0 wt.%
CuCrO, wrapped ZnO fibres are given in Fig. 9. It can
be seen that the absorbance peak appeared at 663 nm
disappears completely after 120 min light irradiation. It
is also worth to mention that this sample degraded al-
most 50% of the dye within the first 15min. Due to
too weak adsorption of dye molecules on the CuCrO,-
wrapped ZnO fibres, the observed photodegradation can
only be originated from heterostructured photocatalyst.
Moreover, absorbance spectra revealed that the maxi-
mum absorbance peak showed a blue shift from 663 to
638 nm after 30 min of irradiation. This shift was gener-
ally observed during the photocatalytic decomposition
of methylene blue on conventional semiconductor pho-
tocatalyst and named as hypochromic effect [60].

The photocatalytic ability of the prepared CuCrO,
wrapped ZnO fibres was further examined by evalu-
ating the decomposition rates of dye molecules un-
der the UV-visible light illumination. The kinetic lin-
ear simulation curves for the degradation of MB reveals
that the decomposition reactions followed a Langmuir-
Hinshelwood apparent first-order kinetics model [62].
When the initial concentration (Cy) is low as in the cur-
rent study (Cy 10 mg/1), apparent first-order model
equation (In(C;/Co) = kgp), - 1) can be used to determine
the apparent first-order rate constant [63,64]. In this re-
spect, the values of In(C;/Cy) for all samples were plot-
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Figure 10. The pseudo first-order kinetics of MB dye
degradation for the pure and CuCrO, wrapped ZnO
fibres with different CuCrO, contents

ted as a function of the irradiation time and presented in
Fig. 10. According to the results of the current study, the
1.0 wt.% CuCrO, wrapped ZnO fibre catalyst clearly
presented much better photocatalytic activity compared
to the pure ZnO fibres. Furthermore, the degradation
rate of the MB dye in the presence of the ZnO-CuCrO,
catalysts increased up to the 1.0 wt.% CuCrO, addition
and then decreased. It is clear that the samples exhibit
a linear behaviour. Thus, the reaction rate constants (k)
were estimated from the slope of these plots as a func-
tion of CuCrO, amount in the photocatalysts. The reac-
tion rate constants were obtained as 0.032, 0.038, 0.043
and 0.025 min~! for the pure and 0.5, 1.0 and 1.2 wt.%
CuCrO, wrapped ZnO fibres, respectively. According
to these results, k& values of the wrapped samples up
to 1.0wt.% CuCrO, are almost 30% higher than that
of the pure ZnO fibres. However, in the case of the
sample with 1.2wt.% CuCrO,, k value and photocat-
alytic activity decreased significantly due to the hinder-
ing of the light by the excess CuCrO, particles. Similar
behaviour was also observed for CuCrO, coated TiO,
nanorods and attributed to the fading of the absorption
of light by TiO, nanorods in the case of too much cov-
erage on the surfaces [31]. The photocatalytic activity
order presented here is well consistent with the activ-
ity mentioned above. Further, these results show both
that the CuCrO, addition greatly improved the photocat-
alytic performance of the ZnO fibres and that 1.0 wt.%
CuCrO, is the optimal content for CuCrO,-ZnO het-
erostructures.

Based on the above experimental results, the increase
in the photocatalytic activity of the pure fibres may
be discussed depending on more than a single factor.
The incorporation of Cr’* and Cu* cations into ZnO
host lattice and the formation of a p-n heterojunction
have a common effect on the red shift of the absorption
edge, increase in the absorption amount, blue shift of
the band-gap, and more efficient photo-generated charge

carrier separation. For the first factor, the incorporation
of cations with different radii and valence into ZnO lat-
tice led to the shift of the absorption edge toward visible
light, the increase in the absorption for all wavelengths
and narrowing of the band gap after heterostructuring
which are similar to doping of ZnO with transition met-
als, as discussed previously. For the second factor, the
formation of the p-n heterojunctions contributed to the
decrease in the recombination rate of charge carriers. A
proposed mechanism and a representative schematic il-
lustration for the enhanced photocatalytic activity of the
n-type ZnO/p-type CuCrO, heterojunction is presented
in Fig. 11. It had been reported that the ionization en-
ergy of CuCrO, and ZnO were 5.25 and 7.67 eV, respec-
tively [63,65]. For the as-prepared CuCrO, nanoparti-
cles and ZnO fibres, band gaps were determined as 3.06
and 3.29eV, respectively. Further, the work functions
were reported as 5.23eV for CuCrO, and 5.2¢eV for
ZnO [63,65]. While the Fermi energy level of ZnO was
higher than that of CuCrO,, when these two formed a
heterojunction, the electron transfer could occur from
Zn0O to CuCrO,. Meanwhile, the holes could transfer
from CuCrO, to ZnO until the equilibrium is achieved
between CuCrO, and ZnO [35]. As a result, the p-n
heterojunction leads to the formation of positively and
negatively charged regions in n-ZnO and p-CuCrO,, re-
spectively. This internal electric field improves the sep-
aration of photo-generated charge carriers [66]. Under
the light irradiation, photo-excited holes in valance band
of ZnO can now migrate to valence band of CuCrO,. In
a similar fashion, photo-excited electrons from the con-
duction band of CuCrO, can migrate to the conduction
band of ZnO. These transitions are the main reason for
the decrease in the recombination rate of e —h* pairs
[67]. Thus, the photocatalytic activity of the composite
structure enhances. In terms of the degradation process,
now the photo-excited e~ accumulated on the conduc-
tion band of ZnO can react more efficiently with the
O, and generate O, . Meanwhile, the h* on the valence
band of CuCrO, can now oxidize H,O or OH™ into hy-
droxyl radicals [68,69], as shown in Fig. 11.

In brief, it is clear that the formation of p-n hetero-
junction interfaces and the decline of band gap energy
due to the substitutional incorporation of Cr** and Cu™*
ions concurrently suppressed the recombination rate and

Electric

p-type CuCrO; = i
Depletion

Layer n-type ZnO

Figure 11. Schematic illustration of the energy band
structure and electron-hole pair separation in the
CuCr0,-ZnO p-n heterojunctions
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enhanced the transfer of charge carriers, respectively.
As a result, this synergistic effect improves the pho-
tocatalytic efficiency of heterostructured photocatalyst.
Therefore, the proposed p-n heterojunction system can
provide useful insights for the large-scale production of
efficient ZnO-CuCrO, visible light photocatalyst sys-
tems.

IV. Conclusions

In summary, p-n type CuCrO,-ZnO heterojunction
photocatalyst was prepared for the first time via wrap-
ping of hydrothermally synthesized CuCrO, nanoparti-
cles on electrospun ZnO fibres. The effects of CuCrO,
addition on the microstructure, chemical, optical and
photocatalytic properties of ZnO fibres were systemat-
ically studied. Detailed analysis of p-n heterojunctions
was performed by XRD, XPS, TEM and optical prop-
erty measurements. It was found that CuCrO, wrapping
caused a shift in the XRD peak positions of wurtzite
ZnO to the higher diffraction angles showing a reduction
in the lattice parameter (c). The Cu(2p) and Cr(2p) core
level XPS signal positions indicated that both Cu* and
Cr’" are substitutionally incorporated into ZnO crystal
structure through the interface of the p-n heterojunc-
tions. TEM and HR-TEM analyses showed that the p-n
heterostructure was successfully formed between ZnO-
CuCrO, nanostructures. The CuCrO, wrapping also
caused a decrease in the band gap energy of ZnO fi-
bres as demonstrated with the change in the absorption
edge to longer wavelengths. Furthermore, the photocat-
alytic performances of the heterojunctions were exam-
ined by degrading MB under UV-visible light irradia-
tion. With 93.4% degradation efficiency after 1h, the
1 wt.% CuCrO, was determined to be optimal content
for the ZnO-CuCrO, p-n heterojunction system. This
enhanced photocatalytic activity is originating from a
synergistic action of: 1) formation of p-n heterojunctions
and ii) the effective carrier separation by ionic incorpo-
ration of p-type oxide cations. We believe that this re-
port on the preparation of CuCrO, nanoparticles-ZnO
fibres with p-n type heterojunctions and the presented
results provide a simple and effective route to achieve
composite structured photocatalysts with enhanced pho-
tocatalytic behaviour.
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